The structural, electronic, and optical properties of metal (Si, Ge, Sn, and Pb) mono-and co-doped anatase TiO 2 nanotubes are investigated, in order to elucidate their potential for photocatalytic applications. It is found that Si doped TiO 2 nanotubes are more stable than those doped with Ge, Sn, or Pb. All dopants lower the band gap, the decrease depending on the concentration and the type of dopant. Correspondingly, a redshift in the optical properties for all kinds of dopings is obtained. Even though a Pb mono-doped TiO 2 nanotube has the lowest band gap, this system is not suitable for water splitting, due to the location of the conduction band edge in this system, in contrast to Si, Ge, and Sn mono-doped TiO 2 nanotubes. On the other hand, co-doping of TiO 2 does not improve its photocatalytic properties. Our findings are consistent with recent experiments which show an enhancement of light absorption for Si and Sn doped TiO 2 nanotubes.
I. INTRODUCTION
Titanium dioxide (TiO 2 ), also known as titania, has been widely studied as a promising material for many applications because of its low production cost, chemical stability, and non-toxicity [1] [2] [3] . Titania is useful for, in particular, solar cells [4] , batteries [5] , photochemical [6] and photocatalytic [7] applications, gas sensing [8] , and hydrogen storage [9] [10] [11] . However, TiO 2 can only be activated by ultraviolet light due to its large band gap (3.0 eV for the rutile, and 3.2 eV for the anatase phase). Therefore, engineering the band gap [12] [13] [14] of titania in order to increase its photosensitivity for visible light is a major target in photocatalyst studies.
In recent years, various low-dimensional TiO 2 nanostructures have been prepared, such as thin films [15] , nanoparticles [16, 17] , nanowires [18, 19] , and nanotubes [20, 21] . TiO 2 nanotube (TNT) arrays are most interesting for applications due to their large internal surface and highly ordered geometry [22] [23] [24] . The structural properties, stability and electronic structure of different TNT structures (anatase and lepidocrocite) have been discussed, e.g., in Ref. 25 . All anatase nanotubes are semiconductors with direct band gaps while the lepidocrocite nanotubes are semiconductors with indirect gaps. In addition, anatase nanotubes were found to be most stable; their stability increases with increasing diameter [26] [27] [28] . The rolling of an anatase (101) sheet along the [101] and [010] directions has been used to build (n, 0) and (0, n) TNTs, respectively [29] . The experimental results show that the predominant peaks of anatase and rutile nanotubes are (101) and (110) [30, 31] . Recently, several mono-and co-doped TNTs have been synthesized, e.g., C [32] , P [33] , Co [34] , Si [35] , and Sn [36] mono-doped, as well as (C/N, F) co-doped [37] TNTs. On the other hand, doped
TNTs have been studied theoretically only occasionally, e.g., N and B doping [38] , C, N, S, and Fe doping [39] , (N, S) co-doping [40] , and nonmetal and halogen doping [41] .
In the context of the present study, we note that an improvement of the photocatalytic properties of bulk TiO 2 has been observed experimentally [42, 43] and calculated theoretically [44, 45] for Si doping. Other dopings (Ge, Sn, Pb) are also known to reduce the band gap in the rutile bulk system, while Sn and Pb doping slightly broadens the band gap in anatase TiO 2 [44] . Experimentally an improvement of photocatalytic properties was found for Sn doped bulk systems synthesized by the hydrothermal method [46] . TiO 2 thin films doped with Si [47] , Sn [48] , Pb [49] , and Ge [50] have been prepared and investigated, gener-2 ally showing an improvement of photocatalytic activity upon doping. With respect to TiO 2 nanotubes, a suitable doping with Si also improves the light absorption [35, 51] . Similar results have been found for Sn doping where, however, also a transformation from anatase to rutile is observed [36] . Thus, in the light of these previous experimental and theoretical studies, and in view of their potential high relevance for photocatalytic applications, we perform a systematic study of doping anatase TNT with group-IV elements, as a function of dopant concentrations; in addition, co-doping effects are also investigated.
In the following, after describing the methodology (section II), we investigate the effect of the mono-dopants (Si, Ge, Sn, Pb) on the structure and stability of (n, 0) titania nanotubes (section III). Then we study the electronic structure of doped TNTs (section IV), followed by a discussion of the optical properties (section V). An application of this study is the splitting of water (section VI). We close our work with a brief summary (section VII).
II. METHODOLOGY
We apply density functional theory (DFT) employing the generalized gradient approximation (GGA) [52, 53] and the Perdew-Burke-Ernzerhof functional [54] as implemented in the SIESTA package [55] . The wave functions are expanded using a local atomic orbitals basis set; the energy cutoff is 300 Ry, and the Monkhorst-Pack k-meshes contain 1 × 1 × 12 points. Structural relaxation is carried out with the conjugate gradient method until the net force on every atom is smaller than 0.04 eV/Å. As we are interested in the properties of nanotubes, a rectangular supercell, 20 × 20 × LÅ 3 , is used, where L is the length of the nanotube along the z axis. The distance between two neighboring TNTs, in x and y directions, is thus 20Å, which is sufficient to avoid any image interaction. Test calculations, changing the size of the supercell and the number of k-points, show the convergence of our results. Spin polarized calculations have also been performed for selected systems, but no modifications were found.
III. OPTIMIZED STRUCTURE AND STABILITY OF TIO 2 NANOTUBES
The total number of the atoms in the unit cell of a TNT is related to the number of atoms in one unit cell (48 atoms) in the surface layer. We use a supercell including two TNT unit cells to study the effect of changing the doping concentration. Figure 1 shows the structure of two unit cells of (8, 0) TNT. The fundamental periodic of the TNT nanotube (along z direction) is 10.49Å, which is only slightly larger than found in a previous study (10.12Å) [28] . Concerning other geometric parameters, we find the inner diameter of the nanotube, cf. the lower part of Fig. 1 , i.e., between an O3 and its opposite counterpart, to be given by 7.07Å, while the distance between an O1 and its opposite counterpart is 12.05Å; the diameter with respect to the Ti atoms is 9.51Å, and the O1-O3 distance is 2.49Å. The bond length Ti1-O1 (equal to Ti1-O3) is 1.84Å, while the bond Ti2-O2 is slightly longer, 1.95Å, in good agreement with previous works [28, 56] .
Cation doping of the TNT is introduced by replacing Ti atoms by the dopants. Replacing one Ti by a metal dopant corresponds to ∼ 1.0% dopant concentration. If two atoms are substituted, the doping concentrations will double, and so on. These dopant concentrations are comparable to those reported experimentally [57] . The dopant-dopant interaction was avoided due to the large distance between them (11Å for 2%, and 8Å for 3% dopant 
where E M−TiO 2 and E TiO 2 are the total energies of the metal-doped TiO 2 and the pristine TiO 2 nanotube, respectively, while µ Ti and µ M denote the chemical potentials for Ti and the dopant; the latter are assumed to be equal to the energy of one atom in its corresponding bulk structure.
The formation energy depends on the growth conditions, which can be Ti-rich or Orich [59] . For the Ti-rich condition, thermodynamic equilibrium is assumed for the Ti bulk solid phase, thus its chemical potential is fixed at µ Ti , while the chemical potential of the dopant's electronegativity given by 1.90 (Si), 2.01 (Ge), 1.96 (Sn), and 2.33 (Pb). On the one hand, one notes that the formation energy of Si is smaller than that of the other dopants, corresponding to the fact that Si has the smallest electronegativity. On the other hand, the Pb formation energy is the largest, and so is its electronegativity. From this point of view, Ge and Sn doped TNTs are 'out of order', which can be related to the effect of electronegativity on the ionic radius, implying that the formation of Sn-O bonds is more favorable than Ge-O bonds. This behavior of formation energies and bond lengths is very similar to the behavior of the corresponding dopant in bulk TiO 2 [44] . The effect of Si doping on the electronic structure of TNT is shown in Fig. 3(a) . As compared to the DOS of pristine TNT, the Fermi energy moves to higher energy; the band gap is 1.80 eV for 1% doping, which is less than that of pristine TNT. When the concentration is increased to 2% and 3%, the Fermi energy shifts further upwards, but this shift is larger for 2% than for 3%. The band gap remains at 1.80 eV for 2%, and increases to 1.86 eV for 3% dopant concentration. This decrease of the band gap is consistent with the observed increase of optical absorption of TNT upon Si doping [35, 51, 61] . The shift of the Fermi energy is also seen in the Si PDOS, Fig. 3(b) . Ge substitution, as compared to pristine TNT, Fig. 2(a) . The band gap is 1.86 eV, which is less than the band gap of pristine TNT but larger than that of Si doped TNT at the same concentration. The result for a Ge dopant concentration of 2% is very similar to 1%.
IV. ELECTRONIC STRUCTURE
However, a doping of 3% shifts the Fermi energy upwards with an increase in the band gap to 1.96 eV. These Fermi energy shifts can be explained using the PDOS of Ge as shown in Fig. 3(d) . Similar to Si doping, see above, the PDOS has a band gap larger than the DOS which indicates that the edges of the bands are related to the host atoms. The Ge states have a noticeable contribution at 2.5 eV and below −0.4 eV for 1% and 2% concentrations, while for 3% they are located above 1.8 eV and below −2 eV. For Ge doping, the DOS change is very similar for 1% and 2%; in both cases, an upshift of the band edges is found, in contrast to Ge doping of bulk TiO 2 [44] .
For Sn doped TNTs, Fig. 3 (e), which overall is very similar to Si doping, the Fermi energy increases to higher energy as compared to pristine TNT, with a band gap of 1.93 eV, which is larger than the gap of Si and Ge doped TNT at the same concentration. When 8 the concentration increases to 2%, the DOS becomes very similar to the DOS of 2% Ge doping, i.e., the Fermi energy moves to lower energy as compared to 1% Sn. Increasing the Sn dopant to 3% shifts the Fermi energy towards higher energy as compared to 1% and 2%
Sn concentrations. The band gap decreases for 2% Sn to 1.86 eV, and does not change for 3% Sn, and thus is similar to 1% Sn concentration. The computed reduction of the band gap through Sn doping is in good agreement with the corresponding experiment where an enhancement of light absorption is found [36] . The contribution of Sn states is illustrated in Fig. 3(f) ; it is similar to Ge doping at the corresponding concentrations. The contribution of dopant states for Sn in the conduction band is higher than that of Si and Ge in the same band.
Within the mono-doped series, we finally consider Pb, for which we find a small shift of the Fermi energy to higher energy as compared to the previously studied dopants, see Turning to co-doped TNT, the doping concentration is 2% for two different kinds of substitutional atoms, and 3% for two atoms from the same kind plus one doped atom from another kind. Figure 4(a) shows the effect of Si/Ge co-doping on the electronic structure.
The DOS of (Si, Ge) co-doping is very similar to Si mono-doped TNT at 2% concentration with a large band gap of 1.92 eV. When the concentration increases to 3% (whether (2Si, Ge) or (2Ge, Si)) co-doping the Fermi energy moves towards higher energy as compared to (Si, Ge) co-doping; the band gap slightly increases to 1.98 eV for (2Ge, Si) only. For Si/Sn co-doping, the Fermi energy shifts towards higher energy, more strongly than for Si and Sn mono-dopants (Fig. 4(b) ); the band gap (1.98 eV) is also larger than for mono-dopants.
As compared to (Si, Sn) co-doping, the increase of the Si concentration in the co-dopants narrows the band gap to 1.86 eV. The top of the valence band shifts towards higher energy, but the bottom of the conduction band does not change. For (2Sn, Si) the only change is an upward shift of the Fermi energy. For Si/Pb co-doped TNT, the effect of the Pb dopant is dominant in the DOS, as shown in Fig. 4(c) . The DOS of the (Si, Pb) co-doped system is very similar to the DOS of Pb mono-doped TNT which is characterized by Pb dopant states below the conduction band. The band gap for this co-doping, 1.50 eV, is larger than the band gap for Pb mono-doping. For substitutional (2Si, Pb) co-doping, the band gap remains unchanged. The Fermi energy is shifted towards higher energy, and the Pb states below the contribution band have a different shape, as compared to the (Si, Pb) co-doped structure. Concerning (Si, 2Pb) co-doping, the Fermi energy shift is larger than for (2Pb, Si) co-doping, and the band gap has a value similar to 3% Pb mono-doping, i.e., 1.44 eV. energy as compared to Ge and Sn mono-doping; the band gap of (Ge, Sn) co-doping is similar to 1% Ge mono-doping. The Fermi energy in the case of (2Ge, Sn) shifts to lower energy, with a smaller band gap, 1.74 eV, as compared to (Ge, Sn). The (2Sn, Ge) co-doping Fermi energy shift is less than for (2Ge, Sn) co-doping, but the band gap is the same. With respect to Ge/Pb co-doping, Fig. 4 (e), the DOS is very similar to the DOS of Pb mono-doping, and does not depend on the concentration of the co-dopant. Only a slight change in the band gap is found for (2Pb, Ge), the gap being 1.38 eV, as compared to (Ge, Pb) and (2Ge, Pb)
where the gap is 1.50 eV. The last co-dopant in this study is Sn/Pb, see Fig. 4(f) . The effect of this co-dopant on the DOS at different concentrations is very similar to the effect of (Si, Pb). The Fermi energy shift is small for (Sn, Pb) and (2Sn, Pb) in comparison to the (Si, Pb) and (2Si, Pb) systems, however, the shift is large for (2Pb, Sn) in comparison to (2Pb, Si). The band gap of Sn/Pb at different concentrations of Sn is similar to the gap of Si/Pb at the corresponding Si concentrations, while the gap for (2Pb, Sn) co-doping, 1.38 eV, is less than the gap for (2Pb, Si) co-doping.
V. OPTICAL PROPERTIES
The optical properties of a semiconductor photocatalyst are closely related to its electronic structure. The shift of the Fermi energy towards higher energy in combination with a decrease of the band gap for all mono-dopants as compared to pristine TNT, see Fig. 3 , leads elements between the occupied and unoccupied states, and the real part subsequently from the Kramers-Kronig relation. The absorption coefficient then is given by [62] 
A "scissors operation" [63] [64] [65] Also, a redshift is apparent for all mono-doped TNTs, consistent with the earlier discussion.
VI. APPLICATION: WATER SPLITTING
The improvement of the visible light activity of TiO 2 is very important for water splitting (H production) [66, 67] . The calculations of the conduction band edge (CBE) and the valence band edge (VBE) [58] show that the CBE of TiO 2 is located at −0.29 eV, above the water Table II shows that Si, Ge, and Sn mono-doping of TNTs improves the photocatalytic properties, at any concentration. However, the CBE value is too high compared to the reduction level of water, hence Pb doped TNTs are useful for hydrogen production despite the fact that they have the lowest band gaps among the mono-dopants. The low-concentration
Si and Ge doped structures show a better efficiency than for high concentration. In contrast, for bulk TiO 2 anatase only Ge doping improves the photocatalytic properties [44] . We do not present the co-doping results here because all of them have CBEs around −2 eV, which is higher than the reduction level of water, and the VBEs are higher than the oxidation level.
VII. SUMMARY
Density functional theory has been employed to study the structural, electronic, and optical properties of cation mono-and co-doped titania nanotubes (TNTs) at different doping concentrations. All mono-/co-dopants decrease the band gap of the TNT, similar to previous results [41] . 
